We examined the role of endogenous tetrahydrobiopterin (BH 4 ) on L-tyrosine-induced increase in cytosolic Ca 
Introduction
Numerous insulinotropic substances including glucose, fatty acid and amino acid have been shown to increase insulin secretion with elevation of [Ca" ]¡ through the plasma membrane Ca 2 channels including L-type voltage-operated Ca : channel and transient receptor potential TRPM2 channel (1) (2) (3) (4) (5) . Recent studies showed that insulin secrction is controlled by Ca : release from intracellular stores in the endoplasmic reticulum as well as Ca 2 influx from extracellular spaces (6, 7) . Thus, it is widely accepted that the increase in [Ca 2 ]¡ is essential for the beginning of insulin secretion in pancreatic ß-cells.
Tetrahydrobiopterin (BH 4 ) is an essential cofactor not only for nitric oxide (NO) synthases but also for aromatic L-amino acid hydroxylases including tyrosine hydroxylase (8, 9) . In diabetic conditions, the content of BH 4 is decreased in vessels ( 10) and brain (11) . It is possible that BH 4 content may be decreased in diabetic ß-cells. In our previous study, the decrease in BH 4 content may have promoted the L-arginineinduced [Ca-'J¡ elevation through the reduction of NO production (12) . L-Tyrosine, a substrate of tyrosine hydroxylase, is known to stimulate insulin secretion in the presence of glucose (13) . Moreover, it is known that L-DOPA, a product of tyrosine hydroxylase, reduces glucose-induced insulin secretion (13) . Therefore, it is possible that L-DOPA may also reduce L-tyrosine-induced insulin secretion. We hypothesize that the decrease in BH 4 content also stimulates Ltyrosine-induced insulin secretion through the reduction of tyrosine hydroxylase activities. In the present study, we examined the role of BH 4 on L-tyrosineinduced [C'a 2 ], elevation using HIT-T15 cells, from a hamster pancreatic ß-cell line.
Materials and Methods

Cell culture
Hamster pancreatic ß-cell line, IIIT-T15 cells (Dainippon Pharmaceutical Co., Osaka, Japan; passages 70-85) were cultured in Ham'F12 medium containing 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 pg/mL streptomycin.
Measurement of changes iti [Ca
/, Cells on coverslips were loaded with fura-2 in HEPES-buffcred saline (HBS) containing (in mM) 107
NaCl, 6 KCl, 1.2 MgS04, 2 CaCF, 11.5 glucose, 20 HEPES. adjusted to pH 7.4 with ÑaOH. Cells were incubated with HBS containing 5 μΜ fura-2/AM (Dojindo Laboratories, Kumamoto, Japan) and 0.1% bovine serum albumin at 37°C for 40 min. The fura-2-loaded cells were then incubated with HBS for 20 min. The coverslips were then placed in a perfusion chamber mounted on the stage of the microscope. Fluorescence images of the cells were recorded and analyzed with a video images analysis system (MetaFluor, Nippon Roper, Osaka. Japan). Fluorescence emission at 510 nm was monitored with excitation at 340 nm and 380 nm. The pairs of 340 nm and 380 nm fluorescence images were captured every 5 sec and the 340/380 nm ratio was calculated after subtraction of background fluorescence. Data from all measurements are expressed as the fluorescence ratio of 340/380 nm.
Measurement of total biopterin content
HIT-T1 5 cells in 6-wcll plates (3.5 χ 1 (Γ cells/well) were directly treated with 0.02 M KI/E in 0.1 M HCl, and total biopterin (BH4 plus 7,8-dihydrobiopterin (BH2) plus biopterin) was measured, as previously described (14) . Sepiapterin was from Funakoshi (Tokyo, Japan). All other reagents were of the highest grade commercially available.
Statistical anal\'s is
Data are presented as means ± S.E.M. of η observations. The statistical significance of observed differences was determined by analysis of variance followed by Bonterroni's method. Differences between means were considered significant when Ρ was less than 0.05.
Results
Changes in fCa : ']¡ by L-tyrosine
We examined whether L-tyrosine (5 niM), the substrate of tyrosine hydroxylase, induces Ca 2 response in HIT-T15 cells. Addition of L-tyrosine (0.1-10 niM) to HIT-T15 cells increased [Ca ; ]¡ in a concentrationdependent manner (Figure 1) . Moreover, the L-tyrosine-induced [Ca 2 elevation was inhibited by L-DOPA, the product of tyrosine hydroxylase (Figure 2 ). The ratio in panel Β indicates the absolute changes of ratio intensity (Δ ratio (340/380 nm) = peak ratio -resting ratio). Results are the means ± SEM of 15-43 cells.
Effect of BH4 on /,-tyrosine-induced Ca' response
response is regulated by intracellular BH4 content, the effects of DAHP, the inhibitor of BH4 synthesis, and sepiapterin, the precursor of BI14 biosynthesis, were examined. As shown in Figure 3A , we measured the total biopterin content (BH4 plus more oxidized forms) in HIT-TI 5 cells, which were treated with DAHP (I mM ) and/or sepiapterin ( 1 -100 μΜ) for 6 h. Treatment with DAHP reduced intracellular biopterin content ( Figure 3A) , and its decrease of intracellular biopterin content was recovered to control levels with co-treatment with sepiapterin (10 μΜ). L-Tyrosinc-induced [C;r ], elevation was stimulated in DAHP-trcatcd cells, and its stimulation response was reduced by co-treatment with sepiapterin ( 10 μΜ) ( Figure 3B ).
Discussion
It is well known that [Ca 2 |¡ elevation stimulates insulin secretion in pancreatic ß-cclls (1-7) .
In the present study, we measured real-time changes in [Ca 2 Its response was significantly reduced to control levels by co-treatment with sepiaptcrin. These findings suggest that endogenous BH4 may negatively regulate L-tyrosine-induced [Ca 2 ]¡ elevation.
Tyrosine hydroxylase is present in many kinds of animal tissues (9). Lindstrom and Sehlin (13) reported that L-DOPA decreases glucose-induced insulin sécré-tion from the pancreatic islet. L-Tyrosine is known to stimulate glucose-induced insulin secretion (13) . In this study, we observed that treatment with L-DOPA reduces the L-tyrosine-induced [Ca 2 ], elevation in the presence of glucose. It is known that L-DOPA is rapidly converted to dopamine by aromatic L-amino acid decarboxylase (14.15) . L-Tyrosine hydroxylase activity is regulated by the feedback inhibition of dopamine (9) . Under the decrease in BH4 content, the conversion of L-tyrosine to L-DOPA may be reduced. Thus, the production of dopamine from L-DOPA is also likely to be decreased. Therefore, BH4 may negatively control L-tyrosine-induced [Ca 2 ]¡ elevation through production of dopamine in the presence of glucose. The inhibition mechanism of L-DOPA on L-tyrosine-induced [Ca 2 ]¡ elevation is needed to examine in the future.
Shinozaki et al. (10) reported that BH4 content in vessels is decreased in fructose-fed rats (a model of insulin resistance with endogenous hyperinsulinemia).
The activities of GTP cyclohydrolase I (GTPCII). the enzyme of BH 4 synthesis, and dihydropteridine reductase (DIIPR), the recycling enzyme of BH 4 , have been shown to be decreased in diabetes (17) . In streptozotocin-induced diabetic brain, DHPR activity is also reduced (11) . Under diabetes mellitus, BH 4 content may be decreased by downregulating the key enzymes of BH 4 synthesis. In diabetic ß-cells, BH 4 content also seems to be decreased. We previously reported that insulin stimulates BH 4 synthesis in endothelial cells (18, 19) . In this study, the decrease in BH 4 content stimulated L-tyrosine-induced [Ca 2 ]¡ elevation. We previously also suggested that a decrease in BH 4 content promotes the L-arginine-indueed [Ca 2 ]¡ elevation (12) . Therefore, we speculated that the decrease in BH 4 content under diabetic conditions, may stimulate BH 4 synthesis via the enhancement of insulin secretion as one of the cell defense system, since BH 4 has antioxidative activities (20, 21 ) .
In conclusion, our findings suggest that endogenous BH 4 may negatively regulate L-tyrosine-induced insulin secrction in ß-cells through the reduction of Ltyrosine-indueed [Ca 2 ]¡ elevation. The physiological role of BH 4 in ß-cells should be examined in the future.
